An analysis of the function characterizing the structural heterogeneity of microporous adsorbents was presented. The micropore distribution functions f(x), where x is the micropore half-width, were calculated assuming a slit-like model for the micropores and applied to the adsorption of argon on four active carbons, one carbon fibre and one zeolite at 77.3 K.
INTRODUCTION
The Polanyi-Dubinin potential theory (PDPT) (Dubinin 1966 (Dubinin , 1975 is that most commonly used to describe adsorption in microporous adsorbents, especially active carbons (Rudzinski and Everett 1992) . The fundamental equation of this theory is the Dubinin-Radushkevich (DR) equation (Dubinin 1965) :
where W represents the volume of the liquid adsorbate present in micropores at temperature T and relative pressure P/P s , W 0 is the total volume of the micropores, B and k are structural parameters correlated with the micropore dimensions, b is the similarity factor (affinity coefficient of characteristic curves) reflecting the nature of the adsorbate, A = RT ln(P s /P) is the differential molar work of adsorption, R is the universal gas constant, and P s and P are the saturated vapour pressure and the equilibrium pressure of the adsorbate, respectively. Izotova and Dubinin (1965) proposed the following equation:
where W 01 ,k 1 are connected with micropores (x < 0.6 nm) and W 02 ,k 2 are connected with supermicropores (0.6 nm < x < 1.6 nm). A more general expression for the PDPT is the equation proposed by Dubinin and Astakhov (DA) in 1971: W é ae A ö n ù é ae A ö n ù = ---= expê -ç ---÷ ú = exp êkç --÷ ú
(3) W 0 ë è bE 0 ø û ë è b ø û where denotes the degree of micropore filling, E 0 is the characteristic energy of adsorption of a standard vapour for which b = 1, and n is the constant, integral parameter characterizing the distribution *E-mail: wojsz@chem.uni.torun.pl. function = W/W 0 with respect to A (the shape of the adsorption potential distribution in the microporous adsorbent), connecting with the average diameter of the carbon micropores (Terzyk and Gauden 2001; Terzyk et al. 2001) . Many investigations have shown that the parameter n from the DA equation does not necessarily have to be an integral number but it can also have real values h (Rand 1976; Kadlec 1975; Huber et al. 1978) . In this case we have:
where h is the constant, real parameter. According to Stoeckli (Stoeckli 1977 , 1990 Stoeckli et al. 1989) , both the DR and DA [equation (3)] equations can only be applied for adsorbents with a relatively homogeneous micropore system. Earlier, Izotova and Dubinin (1965) used the weighted sum of two DR isotherms to describe adsorption in biporous solids containing supermicropores and micropores (Dubinin and Stoeckli 1980) . In general, it is expected that adsorbents are characterized by a heterogeneous system of micropores. For such adsorbents, Stoeckli has proposed the generalized form of the adsorption isotherm (Stoeckli 1977; Dubinin and Stoeckli 1980; Rozwadowski 1984, 1987) :
where f(B) is the distribution function of the micropore volume with respect to B and y = (T/b) 2 log 2 (P s /P).
Equation (5) is an integral transform of the Laplace type with the DR equation as the core equation. Various functions can be used for f(B) in order to obtain analytical expressions for isotherm W(y). Stoeckli used the Gaussian in the form:
where B 0 represents the maximum and D is the half-width of the distribution. The transform of equation (5) leads to the corresponding adsorption isotherm called the Dubinin-Radushkevich-Stoeckli (DRS) isotherm:
where z = (y -B 0 /D 2 )(D/Ö -2) and erf(z) is the error function. Equation (7) derived by Stoeckli allows the parameter D characterizing the structural heterogeneity of microporous adsorbents to be determined. The equation also allows the determination in a full physical sense of the other parameters related to the texture of microporous adsorbents. The limitation of the DRS equation (7) is that it can only be used for those cases when the h-exponent from the DA equation [equation (4)] is smaller than or equal to 2. One can see that the DR equation [equation (1)] is the limiting case of equation (7) when the distribution tends to a Dirac delta function (d D ). It was shown that active carbons can also have a value of parameter n which is greater than 2. Thus, application of the DA equation [equation (3)] as the core function leads to the more general form of the adsorption isotherm:
where Y = (A/b) n and W is the (integral) variability of the structural parameter. For n = 2, equations (5) and (8) are related by the dependencies k = B/(R ln 10) 2 ; Y = y(R ln 10) 2 .
THEORY
If we apply the normalized Gaussian distribution:
(where erfc is the error function complement), its substitution into equation (8) gives the modified DRS equation:
Another form of the DRS isotherm can be obtained for W = (k min , k max ):
although for the studied micropore solids (FC, G3, G6, GC, GX, TM) in the IUPAC range of micropore size variability the results were the same with both isotherm equations [i.e. equations (10) and (11)]. Adsorption isotherms are the basis for the PDPT method for determining structural hetero-geneity because the relationship between the structural parameter k (or the standard characteristic energy E 0 ) and the half-width of the micropores x is:
where c = 13.028 -0.0000153E 0 3.5 [(kJ nm)/mol] (only slightly dependent on E 0 ), so that the distribution function is then equal to:
Accepting the preceding assumptions, it is possible to plot the differential curves for the volume distribution of the micropores relative to their sizes (micropore half-width) x (Wojsz and Rozwadowski 1987a,b) . Using equation (7), Stoeckli derived the micropore distribution function in the following form:
where x 0 is the micropore half-width corresponding to parameter B 0 . Application of the modified DRS equation (10) leads to a broader expression for the micropore volume distribution function versus the half-width of the micropores. Wojsz and Rozwadowski examined the DRS equation for many experimental adsorption systems at different temperatures Rozwadowski 1984, 1987c) and analyzed the data obtained. Despite Stoeckli's opinion, the applicability of the equation is limited to those cases where n £ 2 in the DA equation.
As the parameter n in the DA equation is greater than 2 for some active carbons, Rozwadowski and used the normalized Gaussian shape of the f(k) to derive a more general isotherm equation which can be applied to all microporous solids [equations (10) and (11)]:
where parameter x 0 corresponds to parameter B 0 .
The following Rayleigh distributions can also be employed:
1. The distribution with a widening on the right-hand side
The distribution with a widening on the left-hand side
It is also possible to use exponential distributions:
1. The distribution for the decreasing exponential function f(k)
The distribution for the increasing exponential function f(k)
The distribution function basing on the Euler gamma-type (G) equation (Jaroniec and Piotrowska 1986; Gauden and Terzyk 2000) can also be used:
On the basis of this equation, it is possible to obtain the adsorption isotherm in the form:
Pfeifer and Avnir (1983, 1984) and Jaroniec et al. (1990 Jaroniec et al. ( , 1991 have stated that the heterogeneity of microporous adsorbents is closely connected to the adsorption potential distribution in the micropores. In the case of the DA equation (4), this distribution can be calculated as:
By analogy, the distribution function f(A) correlated with equation (10) is:
The results given below in Tables 3 and 4 show that the shape of the isotherm was well described by the DA [equation (4)] and modified DRS [equation (10)] equations. This is supported by the values of the determination coefficient (DC) of the best fit of the experimental data:
where r is the correlation coefficient, y i is the dependent variable, ŷ i is the value of the dependent variable approximated by the method of least squares, _ y is the arithmetic mean value of the dependent variable and N is the number of pairs of experimental data.
EXPERIMENTAL
Samples of active carbons, carbon fibre and zeolite were produced by PICA (Mulhouse France) (Wojsz and Papirer 1992) . The following notation is employed below: FC = Fibre de carbone; G3 = 3 80L 100C + 100G30; G6 = 80L 6G; GC = 80L 4 g 1G/1C; GX = GX 240 LR 705; and TM = Temoin micropore 13X (zeolite).
Adsorption isotherms were measured over the pressure range from 8.7 × 10 -7 to 0.0999(P/P s ) at 77.3 K.
RESULTS AND DISCUSSION
The results obtained from the application of the various equations discussed above to the adsorption data for argon obtained on the microporous solids studied are listed in Tables 1-5, respectively. Figures 1-6 depict the Dubinin transformed isotherm plots for the solid adsorbents while Figures  7-12 illustrate the micropore size distributions calculated for the same.
The Wojsz method for determining micropore size distributions appears to have few disadvantages. Hence, it can be used successfully over the whole IUPAC micropore width region. In addition, for pores larger than 1 nm or 1.6 nm in half-width, it is possible to use another method, viz. that of Horvath and Kawazoe. However, in the author's opinion, the application of this method is not correct for very narrow pores. The Wojsz method does not possess the same disadvantage in the case of narrow micropores, since it is based on the modified Polanyi-Dubinin potential theory. 1.58 × 10 -5 9.06 × 10 -5 5 2.68 × 10 -7 7.30 × 10 -9 0.203 0.60 20.62 338 0.9995 TM 9.06 × 10 -5 1.20 × 10 -2 >8 
